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Escherichia coli (E. coli) contamination remains a critical threat to food safety, healthcare, and water treatment
sectors, demanding highly effective and scalable disinfection solutions. This study demonstrates 9-log reduction
of E. coli using a compact, mercury-free UV light chip that emits a broad spectrum (250-350 nm) with peak
intensity at 262 nm, directly targeting the DNA absorption maximum. The device achieves this high level of
microbial inactivation at a dose of approximately 45 mJ/cm? by simultaneous activation of multiple germicidal
pathways—direct DNA damage near 265 nm, protein oxidation and membrane disruption in the 280-300 nm
region, and oxidative stress—driven mechanisms between 300-350 nm. Unlike traditional chemical disinfectants
and costly UV systems, this solid-state, free-electron driven, chip-scale device offers a safer, more energy-
efficient, and highly scalable alternative. These findings set a new standard in UV disinfection performance

and pave the way for advanced microbial control across critical industrial and environmental applications.

1. Introduction

Escherichia coli (E. coli) is a bacterium that is commonly found in the
gut of humans and warm-blooded animals. [1] Its presence has signifi-
cant implications across various critical industries, including healthcare,
water distribution, food processing, industrial manufacturing, marine
industries, and sanitation. [2] In the food and beverage sector, E. coli
contamination can lead to serious foodborne illnesses, necessitate
product recalls, and invite regulatory scrutiny, thereby impacting con-
sumer safety and business operations. [3] In healthcare settings, E. coli
infections present challenges that increase healthcare costs and
complicate patient care. [4] Similarly, E. coli contamination in other
industries poses health risks, driving the need for stringent hygiene and
testing protocols. Addressing E. coli contamination across these sectors
requires comprehensive sanitation practices and adherence to safety
regulations to mitigate health risks and ensure product safety.

Most traditional methods to control E. coli contamination, such as
chemical disinfectants and heat treatments, have notable limitations.

[5] Chemical disinfectants like sodium hypochlorite can achieve up to a
6-log reduction (99.9999 %) in microbial populations but often leave
behind chemical residues, which can be problematic. [5] Heat treat-
ments, such as pasteurization and autoclaving, are highly effective;
pasteurization generally achieves a 5-log reduction, while autoclaving
can result in complete sterilization. [6] However, these methods may
not be suitable for heat- or moist-sensitive materials and can require
substantial energy input. Advanced disinfection techniques, such as
electron-beam irradiation, have shown promise by achieving significant
log reductions without the need for high temperatures or chemical
residues. [7] Despite their effectiveness, these techniques are often
complex and expensive, limiting their practicality for widespread use.
Among various disinfection methods, UV irradiation, when used
with proper safety measures, is particularly effective at achieving sig-
nificant log reductions in a wide range of viruses, bacteria, and fungi.
[8-10] The germicidal efficacy of UV light primarily stems from the UVC
spectrum (200-280 nm), which induces significant molecular damage to
nucleic acids, leading to cell death through mechanisms such as
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cyclobutane-pyrimidine dimer formation and other DNA lesions. [11,
12] Contributing to the germicidal efficacy is also light from the UVB
spectrum (280-315 nm) which has a significant impact on proteins by
generation of reactive oxygen species (ROS). [13] However, conven-
tional UV disinfection methods often rely on 254 nm mercury lamps,
which pose environmental and health risks due to mercury toxicity,
driving increased demand for safer alternatives in line with the Mina-
mata Convention on Mercury’s efforts to reduce global mercury emis-
sions. [14,15] AlGaN-based UV light-emitting diodes (LEDs) are
emerging as viable replacements for mercury lamps due to their ability
to be tuned across the UV spectrum (210-355 nm) by alloying GaN with
AIN materials. [16,17] Despite their promising potential, the perfor-
mance of AlGaN-based UVC LEDs is currently hindered by factors such
as high dislocation densities, low hole concentrations, and poor light
extraction efficiency. [18-20] Among these issues, thermal management
is particularly critical for UVC LEDs, as devices operating near 260 nm
require high Al fractions (AlyGa; 4N, x > 0.5), which inherently reduce
efficiency and exacerbate heat-related degradation. Junction heating
accelerates external quantum efficiency droop and can cause radiant
flux losses exceeding 50 % within only a few hundred hours when
insufficient cooling is provided. Therefore, effective heat management is
essential to ensure optimal UVC LEDs performance and longevity. [21]
While electron-beam (e-beam) pumped semiconductor light sources
have shown notable improvements in power output and efficiency, they
remain commercially impractical because their reliance on thermal
electron guns and ultra-high vacuum (~107-10"% mbar) necessitates
bulky chambers, pumps, and feedthroughs that greatly increase size,
complexity, and cost. [22,23]

In this work, we introduce a novel class of compact, chip-scale, free-
electron driven broadband ultraviolet (UV) light sources that deliver
high efficiency while overcoming the limitations of existing disinfection
technologies through a completely mercury-free design. We achieved a
9-log reduction in E. coli with a dosage of ~45 mJ/cm?, highlighting the
strong potential of this approach for advanced microbial inactivation. As
shown in Fig. 1, the advanced version of our previous chip, presented in
our earlier work, [24] features a fully packaged UV chip (27 mm
diameter, 4 mm thick) with a UVC phosphor anode and a ZnO nanorod
(NR) cathode. Leveraging on-chip cathodoluminescence and
field-emission technology, our UV chips offer remarkable reliability,
instant ON/OFF capability, extended operational lifetimes, and
low-temperature tolerance, along with complete design flexibility.
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These exceptional features position our UV chips as highly suitable for a
wide array of applications, providing a safe, effective, and sustainable
solution for microbial inactivation.

2. Experimental section
2.1. Bacterial cultivation

The germicidal experiment was conducted using E. coli (ATCC
25922), cultivated with standard microbiological techniques. Overnight
cultures of E. coli were prepared by transferring a single colony from a
glycerol-streaked Tryptic Soy Agar (TSA, BD DifcoTM) plate to 5 mL
Tryptic Soy Broth (TSB, BD DifcoTM) and incubating in a shaking
incubator at 37 °C with a shaking speed of 200 rpm. Aliquots (1 mL) of
overnight cultures were washed with 9 mL of fresh sterile TSB, centri-
fuged to collect the pellet, and then the pellet was washed twice with
sterile PBS. The washed pellet was resuspended to yield a stock con-
centration of 10'° CFU/mL using optical density and a standard curve.
The stock cultures were serially diluted in 10-fold steps up to 1071°.
Aliquots (100 pL) of each dilution were spread on the TSA agar plates
immediately prior to use in the germicidal experiments.

2.2. Experimental setup

The experimental setup for germicidal testing (Fig. 2) was conducted
within a biosafety cabinet (BSC) equipped with precise temperature and
humidity controls. In this controlled environment, the UV chip was
strategically positioned at a fixed distance of 5 cm from the base on
which the Petri dishes containing microbial inoculants were carefully
placed. Control inoculated plates were also included but not subjected to
exposure. The UV chip operated consistently at a stable electrical input
of 500 mW (~6-7 kV, 70-85 pA) ensuring uniform exposure. Prior to
initiating the experiment, the BSC was thoroughly sanitized with 70 %
ethanol and subjected to a 30-minute UVC treatment to eliminate any
potential contaminants. Every item within the cabinet was meticulously
cleaned to maintain a contamination-free environment, with the tem-
perature held consistently close to 28°C and the humidity maintained at
approximately 55 %. This rigorous preparation ensured the reliability
and accuracy of the germicidal testing.

UV Emission

High-Integrity Cavity Aluminium layer

UVC Phosphor

ZnO Nanorods

©

Fig. 1. UV Chip: Schematic representation with an inset displaying the fully fabricated chip alongside a scale. This chip constitutes a substantial advancement over

our previously published work. [24].
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Fig. 2. Germicidal Setup: Experimental configuration for germicidal testing.

2.3. Photometric analysis

Photometric characterization of the UV chips was performed using a
spectrophotometer (AvaSpec-2048L, Avantes) in conjunction with an
integrating sphere (THORLABS 4P3). The THORLABS integrating sphere
enabled accurate measurement of the total power output, with most
chips exhibiting a radiant flux of ~10 mW at 500 mW input. To evaluate
the radiation pattern, a custom-designed setup was employed, providing
detailed insights into the angular distribution of UV emission. The UVC
intensity emitted by the UV chips was measured with an ILT2400
handheld light meter, calibrated at 270 nm. The UVC intensity was
measured in mW/cm? both before and after the germicidal experiments,
providing a dependable assessment of the UVC dosage necessary for
achieving germicidal activity.

2.4. Germicidal experiments

In the experimental setup, a single UV chip operating at an input
power of 500 mW was strategically positioned above a Petri dish with
the E. coli as described above. E. coli samples with precisely calibrated
concentrations, ranging from 10° to 10'° colony-forming units (CFUs),
were exposed to the UV chip for intervals of 60, 120, 180, 240, 300, 360,
420, 480, 540, and 600 s. Control samples of each concentration were
not exposed to the UV light. After irradiation, the test and control plates
of E. coli bacteria were incubated for 18 h at 37°C to evaluate the effects
of the exposure.

2.5. Inactivation model

The inactivation curves of E. coli, evaluated during UV chip treat-
ments, were analysed using a linear empirical model (Eq. 1) to deter-
mine the pseudo-first-order UV inactivation rate constant (k) for each
UV dose (D). In this model, N represents the density of surviving bac-
teria, while Ny denotes the initial bacterial concentration, of the inoc-
ulum spread on the plates:

. s N
Log inactivation = log,, (ﬁo) = kD €))
S
The results represent the viable E. coli cells presented as mean Colony
Forming Units (CFU) per test. For each UV dose, at least five replicates
were used for each concentration of E. coli.

2.6. Simulations methodology

We employed COMSOL Multiphysics with the Ray Optics Module to
evaluate the irradiance power distribution (W/m?) on the Petri dish
surface as a function of the distance between the Petri dish and the UV
chip. The optimal separation was determined by varying the chip-to-
dish distance and identifying the point at which the irradiance pro-
vided the maximum and most uniform surface coverage. The simula-
tions accounted for both the spectral weighting and the angular emission
characteristics of the UVC chip to ensure accurate representation of dose
delivery.

3. Results and discussion
3.1. UV chips optical properties

The operating principle of our UV chips marks a substantial leap
forward from conventional technologies, utilizing advanced cath-
odoluminescence within a high-integrity vacuum cavity to achieve
efficient field emission. These chips employ high-quality ZnO nanorods
as a cold cathode, where high voltage and minimal current create an
intense electric field at the nanorod tips, liberating electrons that are
then accelerated through the vacuum towards an anode coated with
UVC phosphor. For this work, we have used LuzSi-O7:Pr* as the phos-
phor due to its ability to produce a broadband UV emission under
electron excitation. This interaction generates broad emission spectra of
UV light from our UV chips, as illustrated in Fig. 3a, highlighting UVA,
UVB, and UVC components with a peak intensity at 262 nm, known for
its optimal biocidal effectiveness.

Selecting the appropriate UVC wavelength and the spectral overlap is
crucial for effective microbial inactivation, with light in the 260-265 nm
range being particularly effective at disrupting the DNA and RNA of
bacteria, viruses, and fungi, thereby preventing replication, and
inducing cell death. This effectiveness is demonstrated by 70 % spectral
overlap between the typical E. coli deactivation curve and the emission
spectra of our UV chips (see Fig. 3a). Additionally, optimizing the ra-
diation pattern is vital for achieving uniform disinfection. As shown in
Fig. 3b, the radiation pattern of our UV chips peaks perpendicular to the
junction plane and diminishes according to the cosine of the angle from
this axis, with intensity dropping to 50 % at approximately 60 degrees.
This precisely controlled light distribution ensures both broad and
focused coverage, facilitating thorough disinfection while preventing
underexposed areas, thus ensuring consistent, high-quality perfor-
mance. Unlike conventional UVC LEDs, our chips require no external
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Fig. 3. Optical Properties: (a) Emission spectrum of the UV chips showing its overlap with the typical E. coli deactivation curve, and (b) radiation pattern of the

UV chips.

thermal management because they operate at relatively low input power
(5-6 kV, ~85-100 pA) and rely on cold field-emission cathodes, which
inherently minimize internal heating. This design addresses one of the
key limitations of UVC LEDs, where heat buildup accelerates perfor-
mance degradation and shortens device lifetime. Moreover, our UV
chips demonstrated stable and consistent output across a broad tem-
perature range (-20 °C to 80 °C; Figure S1, SI), further underscoring
their robustness. Finally, while UVC LEDs typically emit highly direc-
tional light, our chips exhibit a broader emission pattern, enabling su-
perior area coverage and enhanced disinfection efficiency.

3.2. UV setup optimization

In addition to the pivotal role of wavelength and radiation pattern,
irradiance and the precise distance between the UV source and target are
also integral to maximizing UV light effectiveness for disinfection. We
rigorously evaluated these parameters by measuring irradiance to
determine the optimal separation between the UV chip and the Petri dish
containing E. coli bacteria. Using a hand-held light meter (ILT 2400)
calibrated to 270 nm, we recorded incident irradiance in mW/cm? with
the sensor positioned parallel to the UV chip at distances ranging from
1cmto 12 cm.

The data, depicted in Fig. 4a, align with the inverse square law,
showing a clear reduction in light intensity as distance increases. Our
findings establish that a 5 cm distance between the UV chip and the Petri
dish is optimal, balancing the chip’s function as a point source with the
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dish’s role as a surface target. This distance ensures maximal irradiation
and uniform exposure, while distances beyond 5 cm led to diminished
intensity and prolonged exposure times, and shorter distances cause
significant intensity variations across the Petri dish. Fig. 4b illustrates
the intensity gradient from center to edge of the Petri dish, with the inset
displaying the simulated light distribution at the 5 cm distance. This
precise calibration ensures measurable uniformity across the test sur-
face, providing a robust framework for effective UV disinfection.

3.3. UV dosage optimization

The effectiveness of UV light disinfection is linked to the precise
dosage of UV energy delivered over time. The precise dosage, defined as
the product of UV light intensity (in mW/cm?) and exposure time (in
seconds), is fundamental to achieving optimal microbial inactivation. In
this study, we stringently controlled the UV light intensity while sys-
tematically varying exposure times to deliver UV doses ranging from 0 to
75 mJ/cm? to the agar plate surface, as detailed in Fig. 5. We employed a
standard laboratory timer to measure exposure times from 0 to 600 s,
ensuring rigorous control and accuracy. Throughout these experiments,
light intensity was continuously monitored to maintain consistency. A
comprehensive set of exposure times (60, 120, 180, 240, 300, 360, 420,
480, 540, and 600 s) was evaluated at a distance of 5 cm from the light
source to determine the doses required for significant bacterial load
reductions.
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Fig. 4. Irradiance Measurements: (a) Intensity variation with distance between the light meter and the chip follows an inverse square law. (b) UV irradiance intensity
changes from the center to the edge of the Petri dish, with inset showing the simulated UV chip irradiance on the Petri dish at a 5 cm distance.



V.K. Sharma et al.

80

m  Data

70

[0}
o
1

(o))
o
1

Dosage (mJ/cm?)
8 3
1 1

N
o
1

-
o
1

y=0.13+0.12z
R? = 0.99929

T L T 32 T i3 T L T E T ® T 4 T

180 240 300 360 420 480 540 600

0 —
60 120

Time duration (s)

Fig. 5. UV Dosage Measurements: UV dosage increases linearly over time, as
shown by the linear fit, with a 5 cm distance between the UV chip and the
light meter.

3.4. Germicidal log reduction

Germicidal experiments were conducted to evaluate the efficacy of
the UV chips against E. coli. The results showed a significant reduction in
E. coli populations with increasing UV exposure time, achieving a log 9
reduction with a 360-second exposure. For these experiments, we used a
single chip with an input power of 500 mW positioned 5 cm from the
base of a Petri dish containing E. coli bacteria on tryptic soy agar. E. coli
samples with concentrations ranging from 1000 to 1000,000,000
colony-forming units (CFUs) were irradiated for durations of 60, 120,
180, 240, 300, 360, 420, 480, 540, and 600 s. A control sample, which
was not exposed to deep-UV light, was also included. Following irradi-
ation, the E. coli inoculated plates were incubated for 18 h at 37°C.

The UV irradiation of E. coli bacteria significantly reduced the viable
bacterial populations with increasing exposure times (Fig. 6). Our re-
sults demonstrates a log 9 (99.9999999 %) reduction in E. coli with
approximately 45 mJ/cm? of UV irradiation (360 s), as presented in
Figs. 6 and 7. This performance significantly surpasses our initial results
of a log-6 reduction on a different strain of E. coli (ATCC 8739). [24]
Literature indicates that various E. coli strains exhibit different log re-
ductions when exposed to UV light. [25] Notably, the ATCC 8739 strain
is more resistant to antimicrobial agents than the ATCC 25922 strain
used in this study. The key distinction is that ATCC 25922 is widely
recognized as the standard quality control strain for antibiotic suscep-
tibility testing due to its consistent behaviour, while ATCC 8739 is pri-
marily used for testing antimicrobial handwashing formulations and
media efficacy. [26] Moreover, our UV chips have been further
advanced and optimized for increased light output power and unifor-
mity compared to our previous work [24], and the experimental setup
has been refined by setting the chip-to-E. coli distance to 5cm for
improved effectiveness. Taken together, the enhanced log reductions
reported in this study arise from strain susceptibility, calibrated fluence
determination, improved device packaging, and increased experimental
rigor, rather than distance optimization alone.

Using a linear empirical model (Eq. 1), the pseudo-first-order UV
inactivation rate constant (k) of ~0.12 cm?/mJ across different UV
doses (D) was calculated, as shown in Fig. 7. These rate constants are
consistent with those reported in the literature: for instance, Carabias et
al. [27] reported a rate of 0.350 cm?/mJ for environmental E. coli, while
Hijnen et al. [28] found a rate of 0.506 cm?/mJ for cultured E. coli. The
variability in the pseudo-first-order UV inactivation rate constant (k) can
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be attributed to differences in UV dose, irradiance, the bacterial strain
used and environmental conditions, as well as experimental factors such
as pathlength, UV wavelength, and equipment calibration, which may
explain the discrepancies observed among different studies. Compared
to existing disinfection methods, which exhibit considerable variability
in efficacy, this study demonstrates consistent and reproducible efficacy.
The literature shows that UVC irradiation at 254 nm generally achieves
up to a 5-log reduction (99.999 %) in E. coli[29], while chemical dis-
infectants such as sodium hypochlorite can achieve a 6-log reduction
(99.9999 %). [30] Heat treatments, including pasteurization and auto-
claving, are also highly effective, with pasteurization reaching a 5-log
reduction and autoclaving often resulting in complete sterilization. [6]
Advanced methods like electron-beam irradiation have achieved up to a
5.6-log reduction. [7] Additionally, UVC LEDs have been reported to
achieve a 2-log reduction at 9.2 mJ/cm? with 10 min of irradiation. [31]
A comparative summary of these disinfection methods is provided in
Table S1, SIL.

Our chip-scale UV light source exhibited high bactericidal activity
against E. coli, achieving a log 9 reduction within 6 min, significantly
exceeding the performance of conventional disinfection methods. This
performance is attributed to the peak wavelength of 262 nm that was
used, and 70 % spectra overlap with the typical deactivation curve of
E. coli, ensuring peak absorption by microbial DNA. In contrast to
mercury lamps that operate at a fixed 254 nm and UVC LEDs emitting at
discreet wavelengths ranging from 260 to 350 nm, our UV chip emits
broadly across 250-350 nm, enabling simultaneous activation of mul-
tiple germicidal mechanisms—direct DNA damage around 265 nm,
protein oxidation and membrane disruption in the 280-300 nm region,
and oxidative stress—driven pathways between 300-350 nm. Acting in
concert, these mechanisms enhance overall germicidal efficacy and
minimize the survival of resistant subpopulations, thereby suppressing
the tailing effect commonly observed with single-wavelength sources.
[32,33] Recent literature [34-41] (summarized in Table S2, SI) rein-
force this multi-wavelength advantage, showing that combined or
broadband sources consistently achieve stronger reductions than
single-wavelength irradiation. For example, Uppinakudru et al. [41]
showed that individual LEDs at 265, 275, or 310 nm typically achieved
~3-51log reductions, whereas operating them together produced
> 7-log reduction, underscoring the role of wavelength synergy. Ma
et al. [37] further confirmed this effect by demonstrating that while
single exposures at 222 or 265 nm yielded only ~3-4 log reductions,
sequential treatments combining UVC (222/265nm) with UV-A
(365 nm) suppressed regrowth and DNA repair, resulting in ~6-7 log
reductions. In a similar vein, Rito et al. [35] reported achieving ~9-log
reduction of E. coli through the combined use of four discrete UVC LEDs
emitting at 275, 285, 300, and 340 nm. Our broadband chip therefore
provides, for the first time, an integrated single platform capable of
delivering these synergistic effects without the need for multiple discrete
sources.

Beyond germicidal efficacy, our UV chips incorporate practical ad-
vantages: mercury-free operation, compact design, and instant ON/OFF
capability. Long-term stability testing showed robust performance, with
~40-45 % radiant flux attenuation after ~2000 h (Figure S2, SI), while
thermal testing across —20 °C to 80 °C (Figure S1, SI) demonstrated
consistent output and strong environmental tolerance. Collectively,
these results highlight that our UV chips combine outstanding disin-
fection efficiency (9-log, 99.9999999 % reduction) with durability,
thermal stability, and design practicality, making them an ideal next-
generation solution for diverse disinfection applications, particularly
in space-constrained or high-reliability settings.

4. Conclusions
This study demonstrates a 9-log reduction in Escherichia coli using a

chip-scale, free-electron driven, mercury-free, broad-spectrum UV light
source. This high performance results from a highly engineered spectral
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Viable E. coli
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4 mins 6 mins

Fig. 6. Germicidal Experiments: Germicidal effect of UV irradiation of E. coli on TSA plates was evaluated with exposure times of 120, 240, and 360 s. E. coli lawns
were prepared from dilutions ranging from log 6-10 CFU/mL. Controls were not exposed to UV irradiation but were otherwise treated identically to irradiated plates.

output that delivers a 70 % overlap with the E. coli deactivation curve
and have abroad UV emission 250-350 nm This broadband emission
enables simultaneous activation of multiple germicidal path-
ways—direct DNA damage near 265 nm, protein oxidation and mem-
brane disruption in the 280-300 nm region, and oxidative stress—driven
mechanisms between 300-350 nm—thereby maximizing disinfection
efficacy through synergistic interactions of UVC-induced DNA damage
and UVB-enhanced oxidative stress. The device operates efficiently at a
dose of ~45 mJ/cm? and outperforms conventional mercury-based
lamps and narrow-spectrum UVC LEDs in both effectiveness and prac-
tical deployment.

With no requirement for thermal management, cold emission oper-
ation, and broad surface coverage, this solid-state UV platform offers

scalability, safety, and integration potential across a wide range of
disinfection applications. From food processing lines to hospitals and
household appliances, the technology provides a high-impact, energy-
efficient solution to microbial contamination challenges.

It marks a pivotal step toward replacing legacy mercury technologies
and advancing the development of compact, sustainable, and high-
performance tools for infection control, surface sterilization, and bio-
film prevention across critical sectors.
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